Consensus is a server developed to produce highquality alignments for comparative modeling, and to identify the alignment regions reliable for copying from a given template. This is accomplished even when target-template sequence identity is as low as 5%. Combining the output from five different alignment methods, the server produces a consensus alignment, with a reliability measure indicated for each position and a prediction of the regions suitable for modeling. Models built using the server predictions are typically within 3 Å rms deviations from the crystal structure. Users can upload a target protein sequence and specify a template (PDB code); if no template is given, the server will search for one. The method has been validated on a large set of homologous protein structure pairs. The Consensus server should prove useful for modelers for whom the structural reliability of the model is critical in their applications. It is currently available at
INTRODUCTION
Several sophisticated sequence alignment methods have been reported earlier, many of which yield very-high-quality alignments. However, in the context of comparative modeling (CM), even the best methods do not always result in highly accurate models. Structural divergence of some high sequence similarity regions in proteins, and alignment uncertainty in regions of low similarity are some of the reasons for this. We have developed an algorithm that consistently gives a high-quality target-template alignment, and predicts the regions that are structurally divergent between the target and template, regardless of the local sequence similarity. To identify these regions the algorithm does not require more than one template structure. The method follows from a benchmark analysis of the three-dimensional (3D) models generated by 10 alignment techniques (1-4) for a set of 79 homologous protein structure pairs. We selected the top five methods and developed a consensus algorithm to generate an improved alignment with a reliability measure for each alignment position. A set of criteria was implemented to identify zones of this consensus alignment that are suited for comparative modeling, i.e. regions that are structurally conserved between target and template. The algorithm was validated on an independent set of 48 homologous structure pairs. The average RMSD of the models obtained was 2.2 Å , while the average length of the alignments was 75% of that found by standard structural superposition methods. The performance was consistent over a range of targettemplate sequence identity of 2-32%. (1). To our knowledge, Consensus is the only server that classifies alignment regions on the basis of alignment reliability as well as potential structural divergence between the target and the template. This should prove useful in the analysis of comparative models where the accuracy of the model has an impact on their application.
BRIEF DESCRIPTION OF THE ALGORITHM
The following three types of information (not necessarily independent of each other) are required to generate highquality alignments and to select the regions of modeling suitability:
(i) Evolutionary/family sequence information (profile/ HMM) (ii) Structural information (template and template family members) (iii) Secondary structure prediction of the target Alignment of target and template. Target and template sequences are aligned using the chosen five alignment methods-T99-BLAST, HMMER-BLAST, BLAST_PW, T99-HSSP, HMMER-HSSP based on (2) (3) (4) [as determined by a benchmark analysis in (1)].
Consensus of alignments. The five alignments generated are polled for each position to get a consensus alignment in a tabular format (Figure 1 ). Each residue-residue alignment position is assigned a consensus strength (CS) ranging from 0 to 9 based on its occurrence in the five initial alignments. In cases of conflicts between regions of alignments, the region with higher consensus strength receives priority. Ties between alignments are resolved according to the rankings obtained in the benchmark analysis earlier (1) .
Identification of regions suitable for homology modeling. Consensus strength is a measure of alignment reliability. It does not indicate structural similarity. Identification of regions in the consensus alignment that are reliable for copying the backbone from the template is carried out by a selection procedure, wherein regions of highest CS that are buried in the template are selected first. This forms the core of the selection. It is then extended both sides subject to the CS, until a misaligned Glycine residue is encountered.
Alignment regions corresponding to long template helices and sheets are selected subject to solvent exposure and percentage match of the predicted secondary structure of the target [using JNET (5) ] with the secondary structure of the corresponding template region. Other structural criteria such as single beta-sheet pairing, taut regions in template with limited potential for conformational variation are also applied. Finally, regions corresponding to potentially loose termini, and uncertain regions with high number of gaps, are deselected. Consensus strength is always considered in all selection and deselection steps. The final output of the server includes the selected consensus with reliable regions identified (Figure 1 ), and the corresponding models of the full consensus alignment and of the reliable regions predicted by the method (Figure 2 ).
Sequence pre-processing. To minimize potential misalignments arising from multi-domain sequences, we apply the following two-stage approach using a simplified preliminary alignment:
(i) If the two sequences differ significantly in length, and the smaller sequence completely aligns to the larger one, the larger one is cropped to the aligned region. (ii) Otherwise, template domains are identified, and nonalignable ones are dropped.
If the template has multiple alignable domains, then each domain is considered separately, and all the selected domains merged together. We use a domain identification program that was developed in-house, DomainSplit, to identify loosely connected regions on the structure. It is also available as a server at http://structure.bu.edu/cgi-bin/ domain/domainsplit.cgi. The Consensus server is an independent server which does not rely on the output from any other servers [i.e. it is not a meta-server (6)]. It currently uses only one template. It can be run several times to analyze multiple templates. However, at this point, the integration of the different structures needs to be done manually.
PERFORMANCE

Validation
A set of 79 homologous protein pairs were used in the development of the algorithm (1). The server was then validated on an independent set of 48 homologous pairs (Figures 3 and 4) . Both sets were chosen automatically, based on criteria explained in (1) . We found that the server's predictions of the structurally reliable regions led to models that have Calpha RMSDs on the order of 2.3 Å . However, the average alignment length was 20% shorter than the optimal structural alignment as established by DALI (7). Figures 3 and 4 show the means of RMSD and alignment length of the Consensus server, the structural superposition alignment (DALI database) and the 5 component alignment methods used; the average sequence identity of our validation set was 16.8%. 'Full consensus' stands for a completely selected consensus alignment, i.e. no regions have been removed by the selection criteria. These figures reflect the known fact that models generated based on most alignment methods tend to overextend to regions that are not suitable for structural modeling. At the same time, Figures 3 and 4 show that the consensus server consistently generated structurally reliable (low RMSD) models. The latter is the only goal of the server, i.e. to help users identify the regions of a targettemplate alignment that lead to low RMSD models, as well as identify the regions that are susceptible to lead to big differences with respect to the crystal structure.
In order to illustrate the performance of the server as a function of percentage identity, we computed a weighted RMSD parameter WRMSD = RMSD= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi Alignment length p :
This parameter attempts to assess the structural quality of models with different alignment length. Figure 5 shows the Figure 2 . Superposition of our server's prediction of CAFASP target T0167. The actual predicted structure based on the selection is shown in blue. Segments of the full consensus alignment model that were left out by the selection procedure are shown in green, and the crystal structure is in red. The helix at the N-terminus was misaligned, and the server was correctly able to dismiss it from the high-accuracy model. One can also see that a loop (top-middle of the figure) that was left out by the server is actually broken even in the crystal structure. Figure 3 . Aligned residues RMSD (C-alpha) for 48 target-template pairs in validation set. The average RMSD of the models generated by five alignment methods and both the full consensus alignment and the Consensus prediction of reliable regions with respect to DALI. Bars indicate one standard deviation from the average. This figure was first published in reference (1) and is reproduced here with permission. performance of the different methods as a function of percentage identity. This is important since in the field of comparative modeling, it is often mentioned that an alignment between sequences with <5% identity is worthless, or nearly random. One can notice that the framework models constructed from the Consensus alignments continue to be accurate at low sequence identity (5%). We would like to stress that structural assessment methodologies such as the ones used in CASP (8) are not appropriate to estimate structural accuracy because these methods do not penalize the inaccuracy of the structural predictions. Furthermore, although the weighted RMSD is not perfect, it is enough to convey the point that Consensus performs well across the whole range of sequence identity. Also, it is consistent with other such methods [see, e.g. (9)]; for further details see (1) .
CAFASP3
To demonstrate an independent validation of the performance of Consensus in CM, Table 1 shows the predictions obtained by the server (ID number 98) at the CAFASP3 communitywide experiment. For the 40 CM targets that the Consensus server was able to automatically find a template in the PDB (10) (using a simple PDB-BLAST like template search method), we obtained a mean RMSD per residue of 2.36 Å for an average alignment length of 92 residues (the average target length was 160 residues; we did not compute the average length of the DALI alignment for this set). Figure 2 shows the submitted prediction for Target 167. This is one example of how the prediction of the server recognized regions of an alignment that do not superimpose well with the crystal structure. In the future, we expect to improve the performance of Consensus by incorporating more sophisticated searching techniques for templates and by implementing the ability to integrate multiple template information.
USING THE CONSENSUS SERVER
Input files required and format details
The server has a straightforward web interface. The target sequence is expected in pure text (with no header) or FASTA format. It may be entered in the text box provided or uploaded as a file. A five-lettered name (may contain numbers but no special characters) needs to be entered for the target. Template may be specified as a four-lettered pdb code followed by a chain identifier (a must if the template pdb has a chain identifier in it). If no template is specified, the method has been adapted to pick a template by using a method similar to PDB-BLAST (Godzik group, Burnham Institute). We would like to note, however, that template identification is not a strength of the server. Therefore, for distant homologues, it is best if the template is supplied. The results are sent by email.
The consensus polling and the selection algorithms that are the core of the server are very fast, taking no more than a few seconds to complete. However, the five component alignment methods that the server uses may take a up to a few hours to produce the results, depending on the size of the target and template proteins. The server has almost entirely been implemented in perl. It is currently running on a 1.7 GHz PC with 1 GB of RAM. Each request is sent to a queue and the results are sent back via email. Therefore typically, one can expect the results after a few hours, assuming that the queue is not very loaded.
Output format and explanation
The results returned are the alignment of target and template (if specified or identified) in Consensus format and FASTA format, and the framework model and a full model of the target. A typical Consensus alignment output is shown in Figure 1 . 
The consensus strength and selection
The reliability of each position in the alignment is assigned a score from 0 to 9. Higher score indicates a greater reliability of the alignment at that position. However, even a score of 9 does not necessarily mean that it is safe to model that region from the template. The score, along with other structural factors are used to select the regions reliable for modeling, indicated with an 'S' in the output. The term 'reliable' in this context implies that the model generated using this selection is expected to be within 3 Å RMSD from the native structure of the target.
3D Models
Two types of models of the target are generated (Figure 2 ). The full model is based on the entire alignment that contains the target residues which have a template residue aligned to them. The model is not necessarily full length, but it is the maximum that can be modeled from the template without resorting to any ab initio prediction. The framework model has only the regions that were selected by the server to be accurate for modeling. It does not contain any uncertain regions. Users may choose to model the uncertain regions on their own according to their requirements and resources. For example, the regions not present in the Consensus partial models can be visualy inspected and reassesed manually.
SUMMARY
The Consensus server consistently predicts high-quality target-template alignments even at low sequence identity. A measure of reliability is reported for each position in the sequence, which is useful both for accurate model building, and for assigning a measure of confidence to the different parts of the model. The server also predicts the regions of the alignment that are safe to model based on the template backbone. Consensus is a reliable tool for researchers to obtain highly confident alignments for homology modeling. a NT-total number of residues. b NP-number of aligned residues. c CA-C-alpha RMSD from the X-ray structure of the target.
